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Abstract

The present study was conducted to assess the potential
of Passive Porosity Technology as a mechanism to
reduce interaction noise in turbomachinery by reducing
the fluctuating forces acting on the vane surfaces. To do
so, a typical fan stator airfoil was subjected to the effects
of a transversely moving wake; time histories of the
primitive aerodynamic variables, obtained from Compu-
tational Fluid Dynamics (CFD) solutions, were then
input into an acoustic prediction code. This procedure
was performed on the solid airfoil to obtain a baseline,
and on a series of porous configurations in order to iso-
late those that yield maximum noise reductions without
compromising the aerodynamic performance of the sta-
tor. It was found that communication between regions of
high pressure differential - made possible by the use of
passive porosity - is necessary to significantly alter the
noise radiation pattern of the stator airfoil. In general,
noise reductions were obtained for those configurations
incorporating passive porosity in the region between x/c
~ 0.15 on the suction side of the airfoil and x/c ~ 0.20 on
the pressure side. Reductions in overall radiated noise of
approximately 1.0 dB were obtained. The noise benefit
increased to about 2.5 dB when the effects of loading
noise alone were considered.

Nomenclature

M Local Mach number
Vn Local flow velocity normal to porous surface
a Speed of sound
c Stator chord
cl Stator airfoil lift coefficient
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cd Stator airfoil drag coefficient
l Incoming gust wavelength
p Local flow static pressure
s Solidity
u, w Cartesian velocities in x and z directions
x, z Cartesian coordinates
γ Ratio of specific heats, γ = 1.4 for air
ρ Local flow density
ω Reduced frequency parameter, ; also

angular frequency

Subscripts

0 Start of wake traverse, t = 0.0 seconds
1 Upstream of porous surface
2 Minimum area of flow through porous surface
3 Fully mixed flow region, downstream of surface
t Stagnation condition
w Wake effects
∞ Freestream conditions

Introduction

For typical high-bypass turbofan engines, fan noise,
radiated forward through the inlet and aft through the
fan exhaust duct, is the dominant source of noise during
approach and takeoff conditions. Basically, fan noise is
generated at the rotating blades and stationary vanes and
struts, and can be of three types1: discrete tones, broad-
band, and multiple tones. During approach conditions,
the local flow is subsonic and discrete tones are super-
imposed on a broadband component. During takeoff,
supersonic speeds may be reached in the rotor blade tip
region; if so, then all multiples of shaft frequency
appear. Discrete tones occur at the blade passage fre-
quency (BPF) and its harmonics, and are greatly influ-
enced by the flow conditions over the rotor blades and
by rotor-stator interactions: as a rotor wake passes by
and impinges on a stator, the effective angle of attack
and the velocity of the relative flow change, producing
transient fluctuations in the pressure field acting on the
stator vane surfaces. This unsteady pressure field gener-

ω πc
l
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ates a lift force that fluctuates with a frequency equal to
the blade passing rate, and that is distributed over the
stator vane surface. The fluctuating force gives rise to a
dipole-type noise source. Generally, there is a sequential
phasing of the wake interaction around the vane assem-
bly caused by the different number of rotors and stators
in the fan stage. This phasing forms a periodic pattern
that sweeps circumferentially around the vane array and
can easily propagate in a spiral fashion along and out the
fan duct.

Fan noise reduction can be achieved either by designing
for it at the source or by incorporating acoustic treat-
ment to absorb the noise produced by the source.
Approaches to reduce noise at the source are based on
the fact that any of the significant noise generating
mechanisms is related to unsteady, periodic forces act-
ing on the rotor blade and stator vane surfaces, and
caused by gust-type disturbances. These unsteady forces
give rise to acoustic perturbations that propagate
through the fan duct and radiate as noise. The amplitude
of the noise generated from this source is directly pro-
portional to the magnitude of the fluctuating lift force.
Thus, any reduction in this fluctuating force would
result in a reduction in noise.

From the noise reduction stand point, the aerodynamic
parameters associated with rotor-stator interaction can
be grouped into those that (1) would reduce the ampli-
tude of the wakes shed by the rotors, and (2) would
reduce the response of the stators to impinging wakes.
The amplitude of the wakes impinging on the stators can
be reduced by increasing the spacing between the rotors
and stators2,3, which allows the wakes generated by the
rotors to decay and dissipate before impinging on the
stators; and by reducing rotor blade drag2,4, which is
directly proportional to the maximum velocity defect of
the wakes. It has been determined5 that the response of a
stator to incoming wakes is inversely proportional to the
reduced frequency parameter ω (= πc/l, where c is the
stator chord and l is the wavelength of the incoming
gust). Increments in ω can be achieved by increasing the
stator chord, which has the additional benefit of reduc-
ing the number of noise sources in a given design by
reducing the number of stator vanes; and by reducing
the gust wavelength2. The latter approach involves
increasing the gust frequency, which can be achieved by
increasing the number of wakes (i.e., the number of
rotor blades). 

Other methods have been suggested as well for the
reduction of transient forces produced by wake interac-
tions. For example, the use of staggered blades around
the rotor and stator discs to impair wake periodicity6; the

slanting of one row of blades relative to the other to
slightly reduce system efficiency7, this reduction being
caused by the inability to maintain an optimum blade
load distribution; and the application of active control
techniques to the stator in order to counter its unsteady
response8. 

The methods currently available for reducing the com-
ponents of fan noise at their sources are diverse. The
potential noise gains that may result from the implemen-
tation of any of these methods have to be balanced
against the associated increments in engine weight and/
or decrements in performance. Although most of the
approaches mentioned thus far are viable considerations
in the design of new engines, their applicability to
already existing power plants necessarily involves major
efficiency and economic trade-offs. As an alternative,
passive porosity9 is a weight-neutral technology that can
be easily incorporated into new engine designs and is
highly suited for retrofitting existing ones. 

Passive porosity redistributes pressure on the outer sur-
face of a configuration by establishing communication
between regions of high and low pressure through a ple-
num chamber located underneath the porous surface.
This pressure redistribution, which is associated with a
minute transfer of mass into and out of the plenum,
changes the effective aerodynamic shape of the outer
surface. This technology can be used to reduce wake
velocity defects and stator response by reducing rotor
drag and fluctuating stator lift, respectively. The poten-
tial noise reduction associated with the latter application
of passive porosity is the subject of the present paper.

Computational Approach

In order to assess the feasibility of passive porosity as a
viable mechanism to reduce wake-stator interaction
noise, the porous surface model described in references
10 and 11 was implemented into a CFD code. Time his-
tories of the primitive aerodynamic variables (ρ, u, v, p)
were obtained for a typical stator vane airfoil subjected
to the effects of a transversely moving wake, and then
input into a noise prediction code. The process was per-
formed on a solid airfoil to obtain a baseline, and on a
series of porous airfoil configurations. The flow field
around the wake-stator system was calculated using
CFL3D12. Details about the aerodynamic results which
form the basis for the noise calculations are found in ref-
erences 10 and 13. The acoustic characteristics associ-
ated with the different airfoil configurations were
obtained using FWH2D14.
2
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Porous Surface Model

Conservation of mass and momentum laws for the
steady, one-dimensional, isentropic (adiabatic and
reversible) flow of a perfect gas are used to simulate the
average effects associated with the flow of air through a
perforated plate of solidity s. In the following equations,
states 1, 2, and 3 correspond to locations upstream of the
porous surface, minimum area at which the jets formed
by the screen holes are fully contracted but essentially
undiffused, and downstream of the surface, respectively
(see Figure 1). 

Figure 1.- Model of flow through a single screen hole.

The equations governing the flow of air through a screen
or perforated plate are:

Conservation of mass:

(1)

Conservation of momentum:

(2)

Zero total pressure loss during jet formation:

(3)

The empirical contraction coefficient φ is given by15

(4)

where the incompressible component φ0 is

(5)

The need to grid plenum chambers inside the airfoil,
which are a required element of Passive Porosity Tech-
nology, was precluded by implementing the model into
the flow solver as a homogeneous surface boundary con-
dition, and by assuming that the chamber pressure is
constant and known a priori. See references 10 and 11
for implementation details.

Flow Solver

CFL3D, developed at the NASA Langley Research Cen-
ter (LaRC), solves the three-dimensional, time-depen-
dent, thin-layer approximation to the Reynolds-
Averaged Navier-Stokes (RANS) equations using a
finite volume formulation in generalized coordinates. It
uses upwind-biased spatial differencing for the inviscid
terms, and central differences for the viscous and heat
transfer terms. The code, which is second-order accurate
in space, is advanced in time with an implicit three-fac-
tor approximate factorization (AF) scheme. Temporal
subiterations with multigrid are used to recover time
accuracy lost as a result of the AF approach during
unsteady calculations. CFL3D includes several grid con-
nection strategies, a vast array of zero-, one-, and two-
equation turbulence models, numerous boundary condi-
tions, and translating grid capabilities suitable for turbo-
machinery applications. The aerodynamic results used
to calculate airfoil noise characteristics were obtained
using the two-equation k-ω SST model of Menter16.

Structured Grid

The computational setup chosen for the study consists
of a single stator airfoil immersed in a subsonic flow
field, subject to the effects of a transversely moving
wake. The chosen section corresponds to the mid-span
of one of the stator vanes composing the Pratt and Whit-
ney Advanced Ducted Propeller high power fan model
currently at NASA Langley17. The airfoil is oriented at
an angle of attack that minimizes flow separation over
its surface. 

A two-dimensional, 9-zone grid was used to define the
stator/wake system. The grid, which extends to 15
chords above and below the stator, was designed to min-
imize numerical dissipation as the wake traverses the
stator flow field. The gust impinging on the stator is rep-
resented by a user-supplied wake having a 33% velocity
defect at the plane of the stator leading edge. A transla-
tional speed of 78 c/s, corresponding to an angular
velocity of 500 rpm, was chosen for the wake. Sche-
matic representations of the grid, airfoil, and wake are
given in Figure 2. Through the use of dynamic patched
interfacing, the wake is displaced a distance of approxi-
mately 4 stator chords, from face k1 to face kmax of
zone 5, by a downward translation of zones 5, 8 and 9.
At the end of the specified traverse, the algorithm trans-
lates the moving blocks and their solution back to their
original position. The entire wake traverse requires
approximately 2230 time steps. The given wake transla-
tional speed, traversed distance, and free stream Mach
number (0.166) guarantee that, at any given time, the
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stator is subject to the passage of a single wake only. See
references 10 and 13 for details on the wake-stator sys-
tem.

Figure 2.- Computational grid.

Noise Prediction Code

The advent of accurate, mature CFD codes and ever-
increasing computer capabilities have promoted the use
of integral techniques that can predict far field acoustic
signals based solely on near-field input. The near-field
input is usually in the form of highly resolved unsteady
data obtained from converged CFD solutions. One of the
most popular integral techniques is based on the
Ffowcs-Williams and Hawkings (FW-H) equation,
which is an exact rearrangement of the continuity and
momentum equations into the form of an inhomoge-
neous wave equation having two surface source terms of
monopole and dipole nature, and a volume source term
of quadrupole nature. The monopole source is associ-
ated with thickness noise, which is determined by the
geometry and kinematics of the body; the dipole source
represents the noise generated by unsteady forces acting
on the fluid as a result of the presence of the body, also

known as loading noise; and the quadrupole source
accounts for non-linear effects such as convection,
refraction, and viscous dissipation of sound by the mean
flow, and scattering of sound by turbulence and varia-
tions in entropy18. The FW-H method has typically been
applied by assuming that the integration surface is
impenetrable and coincident with the physical body sur-
face. However, this assumption is not necessary. In fact,
the use of more general integration surfaces has resulted
in successful predictions of the acoustic far field gener-
ated by bodies immersed in unsteady flows19,20. These
predictions also demonstrated that a very important
advantage of this new version of the FW-H method is
that the quadrupole term need not be included if the
integration surface contains the major sources of non-
linear behavior.

FWH2D, also developed at NASA LaRC, is based on a
two-dimensional formulation of the FW-H equation.
The problem is transformed into the frequency domain
in order to avoid time integration complications inherent
to a two-dimensional solution of the FW-H equation.
The function describing the general integration surface
is given a uniform rectilinear motion time dependence
prior to performing the required Fourier transformation
into the frequency domain. Because any two-dimen-
sional approach necessarily implies perfect correlation
in the third dimension, the amplitude of the propagated
sound is overpredicted using this method. However,
since the focus of the present investigation is to deter-
mine the noise benefits that may result from the applica-
tion of porosity to stator vane surfaces, any effects
associated with this overprediction are obviated by con-
sidering changes in noise levels relative to a solid stator
baseline.

Results and Discussion

The unsteady nature of the lift associated with a solid
stator when subjected to wake convection is depicted in
Figure 3. Note from the figure that the lift coefficient
decreases as the wake approaches the stator, and then
increases as the wake recedes. This behavior is directly
related to the changes in pressure over the airfoil surface
caused by the presence of the wake. As the wake moves
past the stator, the local flow is subjected to transient
fluctuations in velocity and turbulence intensity that
affect the boundary layer, and thus, the surface pressure
distribution. A maximum reduction in cl of 29%, as
measured from the reference value at the start of the
wake traverse (t = 0.00 s), resulted from wake-stator
interactions. This parameter is denoted as  in
the present investigation. The reference cl was obtained
from a converged solution with the wake held stationary
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at a distance of approximately 2 chords above the air-
foil. No significant interaction between the wake and the
stator was detected at this distance.

Figure 3.- Effect of wake passage on solid stator cl, fine grid 
level. M∞ = 0.166, Re = 1.125x106, wake ω = 78 c/s. 

Porous Airfoil Parametric Study

The extent of the porous regions and their location on
the stator surface depend, of course, on the intended
application. For the reduction of unsteady interactions in
turbomachinery environments, the overriding perfor-
mance concern is the minimization of flow separation on
the stator surfaces. Complementing this requirement, an
acceptable porous configuration should not compromise
airfoil performance, measured in terms of lift and drag
coefficients at the start of the wake traverse (t = 0.0 s),

 and , respectively. 

A parametric study10, involving approximately 50 differ-
ent configurations, was performed in order to determine
the effect of several porosity-related parameters on the
aerodynamic and acoustic characteristics of a stator air-
foil subjected to wake impingement. The parameters
considered in the study were (1) the extent and location
of the porous patches, ranging from full-chord porosity
to small isolated regions near the leading edge (LE) and
trailing edge (TE); (2) the configuration of the assumed
plenum chamber - single or multiple, either connected
or disconnected; (3) the surface porosity distribution,
either constant or tapered with distance along the sur-
face; and (4) the nominal porosity, varied approximately
± 10% from a basis value of 22%21. 

It was found during the study that, for a single stator
immersed in a subsonic flow field, communication
between regions of high pressure differential - made

possible by the use of passive porosity - tends to induce
a time-dependent oscillatory pattern of small inflow-out-
flow regions near the stator LE, which is well estab-
lished before wake effects come into play10,13. The
oscillatory pattern starts at the LE, and travels down-
stream on both suction (leeward) and pressure (wind-
ward) sides of the airfoil. On the suction side, the
pattern travels to the aft end of the patch and beyond. On
the pressure side, the disturbances travel to approxi-
mately 50% of the patch extension. The amplitude of the
oscillations on both sides of the airfoil seemed to be pro-
portional to the extension of the porous patch on the
pressure side. 

Despite the presence of the oscillatory pattern, which
would probably not arise if the airfoil were placed
within a stator cascade and subject to flow conditions
typical of turbomachinery environments, communica-
tion between regions of high pressure differential, espe-
cially near the LE, was found to be necessary in order to
significantly alter the noise radiation pattern of the stator
airfoil. Whether these changes result in noise abatement
or enhancement depends primarily on the placement and
extension of the porous patches, and on the configura-
tion of the plenum chamber. In general, the porous air-
foils that satisfied the study requirements - noise
reduction with no flow separation and small relative
changes in  and  - incorporated passive poros-
ity in the LE region between x/c ~ 0.15 on the suction
side and x/c ~ 0.20 on the pressure side. The passive
porous surfaces in this region were either a single, con-
tinuous patch, or two non-adjacent patches with con-
nected plenum chambers. The porous surface on the
suction side was tapered elliptically from the nominal
value to at most 10% to preclude the formation of a
small recirculation area immediately downstream of the
patch. Variations in nominal porosity were of secondary
importance.

Most of the porous configurations tested were able to
alleviate stator response to wake impingement, thus
reducing the maximum change in cl due to wake effects,

. However, reductions in this parameter alone
do not necessarily translate into overall decrements in
radiated noise. In fact, the configurations yielding the
largest noise reductions did not minimize .
This trend has been observed previously22, and it is most
likely caused by the unsteadiness in the mean flow asso-
ciated with wake convection. 

In general, the better aerodynamic performers, i.e., those
with smaller changes in  and , relative to solid
stator values, were also the better acoustic performers.
Some of these configurations will be used in the follow-
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ing sections to discuss the effects of passive porosity on
unsteady lift and radiated interaction noise.

Effect of Passive Porosity on Unsteady Lift

Some of the better aerodynamic/acoustic performers
obtained from the parametric study are depicted in Fig-
ure 4. The first two configurations, e2 (denoted as A in
reference 13) and f3e, have a suction side porosity dis-
tribution of 22% in the region 0 ≤ x/c < 0.05, then
tapered elliptically from 22% to 10% in the region 0.05
≤ x/c ≤ 0.10. They also include an isolated 22% porosity
patch in the region 0.95 ≤ x/c ≤ 1.0 aimed at alleviating
TE flow separation. It has been determined that this
patch is not necessary, since, in general, viable configu-
rations do not induce flow separation. However, it was
included early in the study and kept for some of the con-
figurations. Its effect is negligible. Configuration e2 has
the same porosity distribution on both suction and pres-
sure sides; configuration f3e is similar, except that the
constant 22% porosity region on the pressure side
extends to x/c = 0.10, and is then tapered to 10% from x/
c = 0.10 to x/c = 0.15. The porous region is continuous
on both sides, i.e., it is defined as a single patch. 

Configuration n2 has two non-adjacent porous patches
with communication between their respective plenum
chambers. The main patch on the suction side has 22%
porosity in the region 0.01 < x/c < 0.05, with similar
tapering as the others. The pressure side has a 22%
porous patch on the region 0.15 < x/c < 0.25. Thus, the
vicinity of the stator LE remains solid.

Figure 4.- Porous configurations for maximum reduction of 
wake-stator interaction noise.

Lift and drag coefficient time histories for the porous
airfoil configurations are compared to the solid baseline
in Figures 5 and 6, respectively. Although changes in the
converged coefficients at the start of the traverse, 
and , are inevitable because passive porosity alters

the effective aerodynamic shape of the airfoil, note from
Figure 5 that reductions in  (referenced to solid sta-
tor values) are small, being approximately 5.3%, 6%,
and 4.9% for configurations e2, f3e, and n2, respec-
tively. Corresponding increments in  are 1%, 9%,
and 11%. Decrements in  of 21%, 18%, and
19%, were obtained for configurations e2, f3e and n2,
respectively.

Figure 5.- Lift coefficient time histories for porous airfoil con-
figurations, fine grid level. M∞ = 0.166, Re = 1.125x106, wake 

ω = 78 c/s.

Figure 6.- Drag coefficient time histories for porous airfoil 
configurations, fine grid level. M∞ = 0.166, Re = 1.125x106, 

wake ω = 78 c/s.

Effect of Passive Porosity on Interaction Noise

Time histories for the primitive aerodynamic variables
corresponding to the time period shown in Figures 3, 5,
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and 6 were input into FWH2D to obtain the acoustic
characteristics of the solid airfoil and porous configura-
tions. The integration surface was placed coincident
with the airfoil surface. Thus, the predicted acoustic sig-
nal is essentially that of thickness and loading noise
alone. The noise calculations were started at time t =
0.002 s in order to avoid any additional, “non-physical”
noise that may result from relative grid motion, as evi-
denced by the blip initially seen in the cl and cd time his-
tories.

A circular array of 36 equally spaced measuring points,
located at a distance of 10 chords from the airfoil center,
was used to assess the effects of passive porosity on the
acoustic (perturbation) pressure. Acoustic pressures at

four of these points, located at azimuthal angles of 0o

(TE), 90o (suction side), 180o (LE), and 270o (pressure
side), are presented in Figure 7 for the configurations
defined in Figure 4. Note that the largest pressure ampli-
tudes occur directly above and below the airfoil, consis-
tent with the dipole nature of the radiated sound. It is in
these regions where porosity actually attenuates noise
by reducing the amplitude of the largest pressure peaks.
Everywhere else, porosity tends to increase high fre-
quency noise (thickness noise). This trend is strongest in
the vicinity of the LE, where the changes to the effective
aerodynamic shape of the airfoil are more evident (see
Figure 7c). 
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Figure 7.- Perturbation pressure reception time histories for observer at 10 chords from stator surface, fine grid. 
M∞ = 0.166, wake ω = 78 c/s. 

(a) θ = 0o (TE)

(c) θ = 180o (LE) (d) θ = 270o (pressure side)
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The effects of passive porosity on radiated wake-stator
interaction noise are presented in Figure 8, in terms of
overall sound pressure levels (OASPL), for configura-
tions e2, f3e, and n2. The dipole nature of the noise radi-
ated by the airfoils is apparent. A comparison among the
solid airfoil and the configurations having continuous
porous patches, e2 and f3e, indicates that the noise radi-
ated from the suction side of the airfoil (0o < θ < 180o)
increases as the extension of the porous patch on the
pressure side increases, including noticeable increments
in thickness noise (θ ~ 0o and θ ~180o). This latter effect
is more pronounced for configuration f3e, which has a
more extensive porous region on the airfoil pressure
side. Although not shown here, it was found that when
the porous region on the pressure side extends beyond x/
c ~ 0.2, the effect of passive porosity is to increase suc-
tion side radiated noise above solid airfoil levels. The
opposite trend is observed on the pressure side. In gen-
eral, extending the porous region tends to decrease the
noise radiated from this side. This behavior is most
likely related to the fact that the rate of pressure venting,
which occurs through the plenum from high pressure
regions on the pressure side to low pressure regions on
the suction side, increases with increasing patch exten-
sion. 

Also note from Figure 8 that, if the LE region is kept
solid (configuration n2), the porous patch on the pres-
sure side of the airfoil can be extended beyond x/c ~ 0.2
and still obtain reductions in radiated noise. This effect
can be attributed to the fact that, when the region of
highest pressure differential, i.e., the LE, is no longer
included in the process, the changes in effective LE
geometry associated with passive porosity are reduced.

Thus, the presence of porosity reduced peak noise levels
by approximately 1.0 dB on both suction and pressure
sides for configurations e2 and n2, and by 1.5 dB on the
pressure side for configuration f3e.

In order to isolate the effects of porosity on loading
noise, which is the main contributor to the noise radiated
by the airfoil, sound pressure levels (SPL) were also cal-
culated for the fundamental frequency only. These levels
are shown in Figure 9. Although the higher harmonics
were found to be important contributors to radiated
noise, fundamental frequency noise is dominant, espe-
cially for the solid stator. As seen in the figure, peak lev-
els for the solid airfoil are only 5 dB down from the full-
spectrum noise levels of Figure 8. From the perspective
of loading noise alone, configuration e2 is clearly the
better performer, yielding a 2.5 dB noise reduction on
both lobes. Configuration n2 is a close second, with an
average reduction in peak noise of about 2.0 dB.

Figure 8.- OASPL at 10 chords from source, fine grid. 

Figure 9.- SPL at 10 chords from source, fundamental fre-
quency only, fine grid.

Conclusions

The potential of Passive Porosity Technology as a mech-
anism to reduce wake-stator interaction noise by reduc-
ing the unsteady lift developed on the stator surfaces has
been evaluated. In order to do so, a typical fan stator air-
foil was immersed in a subsonic flow field and subjected
to the effects of a transversely moving wake. Solutions
were obtained for a solid airfoil baseline, and for a series
of porous configurations in order to identify those that
would reduce radiated noise without compromising air-
foil performance. In general, noise reductions were
obtained for those configurations having passive poros-
ity in the LE region of the airfoil between x/c ~ 0.15 on
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the suction side and x/c ~ 0.20 on the pressure side.
Variations in the magnitude of porosity were of second-
ary importance. The presence of passive porosity
reduced loading noise but increased thickness noise.
Overall reductions in peak radiated noise of approxi-
mately 1 dB were obtained. This reduction increases to
about 2.5 dB if only the effects of loading noise are con-
sidered.
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